SrBi 2 Nb 2 O 9 (SBN) is a bismuth layered perovskite compound, due to its relatively high Curie temperature, has potential application as high ceramic transducer. Also, it is an attractive ferroelectric material that is being considered in non-volatile random access memory cells. Present article describes preparation, dielectric, impedance and modulus characteristics. Temperature and frequency dependence of dielectric permittivity, impedance and electric modulus of barium strontium bismuth niobate (Ba 0.1 Sr 0.9 Bi 2 Nb 2 O 9 , BSBN) have been studied in the range of 35-590
Introduction
Oxides of the Aurivillius [1] family constitute an important class of materials for their ferroelectric properties. They are of substantial interest for integrated circuit memories [2] , high temperature piezoelectric sensors [3] , electrooptic modulators and displays [4] .
Currently, isotropic perovskite ferroelectrics Pb(Zr,Ti)O 3 (PZT) and Bi-layer structured ferroelectrics (BLSFs), SrBi 2 Nb 2 O 9 (SBN), BiTi 3 O 12 (BIT) and SrBi 2 Ta 2 O 9 (SBT), are known as useful ferroelectric materials [5] [6] [7] [8] [9] [10] [11] [12] . For practical ferroelectric random access memory (FRAM) application, it is necessary to develop a new ferroelectric material with a high remanent polarization, high fatigue endurance, low leakage current polarization, low leakage current and low processing temperature [5-8, 13, 14] .
Bismuth oxide layered perovskites (BOLP) are generally formulated [15] [15] . The ac impedance analysis is known to be a powerful means to separate out the grain boundary and grain--electrode effects, which usually are the sites of trap for * corresponding author; e-mail: rajadasari78@rediffmail.com oxygen vacancies and other defects. It is also useful in establishing space charge polarization and its relaxational mechanism, by appropriately assigning different values of resistance and capacitance to the grain and grain boundary effects. A noteworthy aspect of the impedance analysis is the possibility of calculating the different contributions to the conductivity, namely the bulk, grain boundary and grain-electrode contributions.
In view of the importance of ac impedance analysis, the present paper describes a detailed analysis of dielectric and impedance spectroscopy studies which have been carried out in barium substituted strontium bismuth niobate (BSBN). No impedance analysis on BSBN has been found in literature.
Experimental
Barium substituted SrBi 2 Nb 2 O 9 ceramic specimens have been prepared by the multi-step mixed oxide route. Bi 2 O 3 , SrCo 3 , BaCo 3 and Nb 2 O 5 are used as starting materials. These are thoroughly mixed for 6 h and calcined at 900
• C for 2 h. The calcined powder has been crushed thoroughly and pelletized into a disk using polyvinyl alcohol as binder. Finally, the disks have been sintered at 1150
• C for 1 h. The phase formation was confirmed by X-ray diffraction (XRD) studies. The X-ray diffractogram of the sample has been taken using Cu K α radiation. For the dielectric characterization, the sintered disk (of thickness of 2 mm and diameter of 12 mm) has been polished, then coated with a conducting silver paste for making electrical contacts. The disk was dried at 600 Figure 1 shows the X-ray diffraction pattern of the sample taken at room temperature. All the peaks of the X-ray profile are indexed, and lattice parameters have been determined by using the standard computer program (POWD). A good agreement between the observed and calculated interplanar spacing (d values) suggests the compound has orthorhombic structure at room temperature with lattice parameters a = 5.518 Å, b/a = 1.000 and c = 25.12 Å. X-ray diffraction confirms that the specimen is single phase. Figure 2b shows the variation of imaginary part (ε ) of dielectric constant with temperature at various frequencies. The ε does not show clear anomaly for the sample, whereas only mere slope changes near T c occur for all frequencies. Figure 3 shows the variation ε and ε with frequency at different temperatures. From Fig. 3a both the values of ε and ε almost start at approximately 50 at 45 Hz and 280
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• C. As the temperature increases to 360
• C, ε increases to 100, whereas ε increases to above 200, and they intersect at a frequency 1 kHz. With further increase in temperature both ε and ε values are increased. As the temperature increases above 440
• C, ε and ε intersect at a particular frequency. The intersection frequency shifts towards the higher frequency side as temperature increases. The sharp rise of ε and ε at low frequencies is most probably due to conducting ion motion. When dealing with a charge carrier system in high conducting material, it is preferable to plot the ac complex impedance or conductivity instead of the dielectric loss for characterizing ferroelectric materials.
Further, both the ε and ε exhibit high value which reflects the effect of space charge polarization and/or conducting ion motion. In the conducting dielectric materials, high ε values may be related to the accumulation of charges at the interface between the sample and electrodes, i.e. space charge polarization. The value of ε at low frequency becomes very high due to free charge motion within the material and are connected to ac conductivity relaxation. A further analysis of the dielectric behavior would be more successfully achieved by using the formulation of dielectric modulus spectroscopy which suppresses the effect of electrode polarization or mobile ion polarization. 
Frequency dependence of the dielectric constants ε and ε
The frequency dependence of the real (ε ) and imaginary (ε ) parts of the dielectric constant on a log-log scale at different temperatures are shown in Fig. 3 . Both ε and ε show strong dispersions at low frequencies. This event is attributed to the low frequency space charge accumulation effect. Such strong dispersions in both the components of the complex dielectric constant appear to be a common feature in ferroelectrics associated with non-negligible ionic conductivity and is referred to as the low frequency dielectric dispersion (LFDD) [18, 19] . Detailed studies of this phenomenon were carried out by Jonscher et al. [20] . The dispersion in ε is stronger than that in ε implying that it is influenced by dc conductivity. The low frequency slope of the curve log ε vs. log f is close to -1 indicating the predominance of the dc conduction in this frequency region. Figure 4 (discussed in dc and ac conductivity) shows the variation of the real part of the ac conductivity as a function of frequency at a few elevated temperatures. It indicates the existence of low frequency independent plateau-like region [σ dc ] and subsequently the conductivity increases with increase in frequency, varying approximately as a power of frequency (ω n ) (where n is a function of temperature as well as frequency) at all the temperatures. However, the trend of the curve does not change with temperature; only the onset of the dispersion is shifted to higher frequencies as the temperature is increased. This observation is in line with that reported in the literature for 0.3Na 2 O0.7B 2 O 3 glass samples by Roling et al. [21] . Figure 5 shows the temperature dependence of the exponent n(T ). An interesting feature of Fig. 5 is the two linear regions corresponding to the paraelectric and ferroelectric states. A linear relation of the exponent with temperature has also been found in some ion conducting systems [22] [23] [24] .
The interaction between the charge carriers participating in the polarization process is characterized by the parameter n. A unit value of n implies a Debye case, and it is attainable [25] at very low temperatures. However, as the temperature increases, the interaction increases, leading to a decrease in n. From Fig. 5 the value of n calculated from the high frequency region decreases as the temperature increases and attains a minimum near T c and subsequently it increases with further increase in temperature. The observed minimum at T c in BSBN implies the strong interaction between the charge carriers and the lattice.
The complex dielectric constant (Cole-Cole) plots at two different temperatures (above and below T c ) are shown in Fig. 6 . In both the plots the universal ma- terial behavior, represented by ε ∞ + A(T ) (ω n(T )−1 ) is obeyed by making a straight line inclined at an angle [1 − n(T )]π/2 and an intercept of ε ∞ with the horizontal axis [26] .
Dielectric dispersion relations and interpretation of the experimental results
The complex dielectric constant as a function of the frequency ω in accordance with the Jonscher power law is given by the following expression:
where ε ∞ is the "high frequency" value of the dielectric constant, n(T ) is the temperature-dependent exponent and a(T ) determines the strength of the polarizability arising from the universal mechanism in question. The real and imaginary parts of the complex dielectric constant are given by the following relations:
where the first term in Eq. (2) determines the lattice response and that in Eq. (3) corresponds to the dc conduction part, while the second term in both the equations reflects the charge carrier contribution to the dielectric constant. The temperature and frequency dependences of the dielectric constant ε (Figs. 2 and 3 ) could be explained by Eq. (2). The charge carrier term
dominates at low frequency and ε ∞ is negligible. Therefore, for a constant n, Eq. (2) yields a straight line with a slope equal to n − 1 in the double logarithmic plot of ε and frequency. At high frequencies the charge carriers fail to respond to the external field, therefore the measured dielectric constant is due to the contribution from the lattice polarization. This accounts for a linear decrease in the low frequency region and a frequency-independent plateau region at high frequencies (Fig. 3) . As A(T ) (a(T )) increases with increase in temperature [27] , the charge carrier term becomes more and more prominent at high temperatures, thereby resulting in the low frequency dielectric dispersion. An anomalously strong dispersion of ε near T c suggests the coupling between the charge carriers and the lattice [26] . The behavior of ε could be explained by Eq. (3). Careful analysis of Fig. 3 indicates the existence of two slopes corresponding to −1 in the low frequency region and −(1 − n) in the high frequency region. As the dc conductivity term increases with increase in temperature, the second term in Eq. (3) is totally over-shadowed by the first term. So at low frequencies and high temperatures, the dc conductivity term dominates and yields a slope of −1, which indeed is consistent with the data shown in Fig. 3 . Figure 7 shows the temperature dependence of the prefactor A(T ) showing a peak at T c . The prefactor A(T ) which determines the strength of polarizability exhibits a peak at T c [18] .
Impedance spectroscopy
Generally, the impedance properties arise due to intragrain, intergrain and electrode processes. The motion of charges could occur in a variety of ways, namely charge displacement (long-range or short-range), dipole re-orientation, space charge formation etc. The complex impedance Z * (ω) of the present material can be described by the following equation:
where Z and Z are ascribed to real and imaginary parts of impedance. Figure 8a presents the variation of the real part impedance (Z ) vs. frequency using a double logarithmic scale for several temperatures. From Fig. 7a , the Z decreases slowly in the frequency range of 10 3 −10 6 Hz, depending on the temperature, and continuously with an increase in frequency. Figure 8b shows the variation of the imaginary part of the impedance (Z ) as a function of frequency at several temperatures. It can be seen that the curves display broad and low intensity peaks. The peak frequency shifts to higher frequency side with increasing temperature, and the relaxation occurs over several decades of frequency. Intuitively one might conclude that all these curves merge at frequencies ≥ 1 MHz. The activation energies associated with each peak were determined from the frequencies at which the maxima (f p ) occur, and it is known that at maxima the equation τ = 1/2πf holds well. The activation energy has been determined by using the equation τ = B exp(−E a /kT ), where B is a pre-exponential factor, and k and T have their usual significance. The behavior of the relaxational frequencies follows the Arrhenius law where the activation energies in the temperature regions 340-380 In Fig. 9 , the impedance data of BSBN sample, is presented in the Nyquist diagrams (Z vs. Z ) for several representative temperatures. At lower temperatures < 380
• C, the shape of the plots tends to straight line with a large slope indicating the insulator behavior of the sample. At the temperatures at and above 380
• C, the slope of the curve decreases, bowing up to the real axis. At the temperatures ≥ 380
• C a tendency to a semicircle behavior is observed, indicative of the presence of both localized and non-localized conduction processes. • C for BSBN. The Z vs. Z curve is composed of two semicircles, a small semicircle at high frequencies indicates the effect of grain and large semicircle at low frequencies indicates the grain boundary effect. The intercept of the semicircle on the real axis gives the resistance of grain (R b ) and grain boundary (R gb ) of the corresponding component contributing towards the impedance of the sample. The capacitance (C) of each component can be calculated using the formula ωτ = 2πf max RC = 1, f max is the frequency of the maximum of the semicircle, ω = 2πf max and τ is the relaxation time.
Variation of grain, grain boundary resistance and relaxation time with reciprocal temperature shows the Arrhenius behavior. Grain and grain boundary conduction activation energy (E b and E gb ), grain and grain boundary relaxation activation energy ε g and ε gb have been evaluated and are given in Table I . Activation energies obtained for conduction through grain and grain boundary indicates that the conduction takes place mainly through grain boundaries rather than grains. 
β parameter
The electric field relaxation due to ion motion is generally described by the Kohlrausch function φ(t) = exp(−(t/τ σ ) β ) (0 ≤ β ≤ 1) [28] [29] [30] [31] , where τ σ and β are the conductivity relaxation time and Kohlrausch exponent, respectively. The smaller the value of β the greater is the deviation with respect to Debye-type relaxation. The β parameter is most often interpreted as a result of correlated motions between the ions. The value of β becomes smaller as the cooperation between the charge carriers is more extended. For very small charge carriers concentration, the conductivity is essentially characterized by the independent jumps, whereas when the mobile ion concentration increases, the coupling between charge carriers is more extended. In glasses and crystalline ionic conductors, the value of β is close to 0.5 [31, 32] .
The value of β was determined by fitting the circular arc Z = f (Z ), the center of semicircle displaced below the x-axis. The above fit allows us to determine the value of angle φ and thus β as φ = (1 − β)π/2. Variation of stretched exponential parameter, β with temperature (380-580
• C) in BSBN which covers T c of the material is shown in Fig. 11 . From Fig. 11 , at 580
• C the value of β is approximately 0.96, it takes a minimum value about 0.77 at T c , with further increase in temperature the β value increases in BSBN. One can conclude from the results that the variation of activation energy and stretched exponential parameter β near T c , the dynamic process is different from that of apart from phase transition temperature. According to lattice dynamics theory one of the transverse mode (soft mode) is weakened and the restoring force tends to become zero at ferroelectricparaelectric transition [33] . Hence, if one assumes that the charge carriers couples with soft mode, one may expect that the charge carriers become mobile at T c . 
Electric modulus
The electric modulus is the reciprocal of the permittivity M * = 1/ε * . Although it was originally introduced by Macedo et al. [34] to study the space charge relaxation phenomena, M * representation is now widely used to analyze ionic conductivities [35] .
Physically, the electric modulus corresponds to the relaxation of the electric field in the material when the electric displacement remains constant, so that the electric modulus represents the real dielectric relaxation process, which can be expressed as [34] :
where M ∞ = (ε ∞ ) −1 is the asymptotic value of M (ω), and Φ(t) is the time evolution of the electric field within the material. At low frequencies, M approaches zero, confirming the presence of an appreciable electrode and/or ionic polarization in the studied temperature ranges. M increases from the low frequency of zero toward a high frequency limit M s , and the dispersion shift to the high frequency as increasing temperature.
From Fig. 12b at and above 300
• C peaks appear in M , which shifts to higher frequencies with increasing temperature. These peaks indicate the transition from short range to long range mobility with decreasing frequency, where the low frequency side of the peak represents the range of frequencies in which the ions are capable of moving long distances, i.e., performing successful hopping from one site to the neighboring site, whereas for the high frequency side, the ions are spatially confined to their potential wells and can execute only localized motion [36] .
We derived the most probable conductivity relaxation times τ c from the peak frequency f max in M based on the condition 2πf max τ c = 1, then plotted their reciprocal temperature dependences. We observe that they follow close to the Arrhenius law τ c = τ 0 exp(E/kT ). Based on the high temperature data, we obtained the activation energies for the conduction process, in the temperature regions 340-440
• C and 500-580
• C they are 0.60 eV and 0.50 eV, respectively.
The similar activation energies obtained from Z and M plots indicates the localized conduction (dielectric relaxation) of the charge species in the bulk of the sample. Fig. 13 . Normalized imaginary part of impedance (Z ) and normalized imaginary part of modulus (M ) as a function of frequency for BSBN at 500
• C. Figure 13 shows the variation of M /M max and Z /Z max as a function of logarithmic frequency measured at 500
• C. The peak frequency, f M , in M /M max curve is shifted to more high frequency region with relation to one, f Z , in Z /Z max curve. Though these representations it is possible to observe a change of the apparent polarization by the inspection of the magnitude of mismatch between the peaks of both parameters [37] . Figure 14 shows the variation of real part of ac conductivity with temperature. It can be seen that in the low temperature region there is a distinct dispersion in the values of conductivity. However, as one makes a transition to higher temperatures, the dispersion decreases. This is probably due to the fact that the conductivity is intrinsic at these temperatures. There is a suitable slope change in the conductivity curves around 460
DC and AC conductivity
• C, which corresponds to the T c of the sample. Table II shows the dc and ac conductivity activation energy values of BSBN. Near T c , in ferroelectric region the activation energies obtained from complex impedance, electric modulus studies and ac conductivity activation energy at 1 kHz are 0.61 eV, 0.59 eV and 0.61 eV, respectively, and are typical values for an ionic conduction in BSBN. Figure 4 depicts the variation of real part of ac conductivity as a function of frequency at various temperatures. A convenient formalism to investigate the frequency dependence of conductivity in a material is based on the power-law relation proposed by Jonscher,
where σ T is the total conductivity, σ(0) is the frequency independent (dc) conductivity, and the coefficient A and exponent n are temperature and material dependent parameters. The term Aω n comprises the ac dependence and characterizes all dispersion phenomena. The exponent n can vary very differently from material to material, depending on temperature, etc., but it is always such that in general 0 ≤ n ≤ 1. For example the value of n is found to be 0.15 at 420
• C in BSBN. The frequency dependent plateau-like region observed in the low frequency regime can be attributed to the frequency independent conductivity [σ(0)].
Conclusions
The temperature and frequency dependence of the dielectric permittivity, impedance and electric modulus in BSBN have been performed. XRD analysis in BSBN showed the orthorhombic crystal structure. Substitution of Ba in SBN increases the phase transition temperature of SBN. Variation of critical exponent n(T ) with temperature shows a minimum at T c . The Cole-Cole plots of impedance in BSBN ceramic suggest the relaxation to be non-Debye-type. Variation of grain and grain boundary resistance with temperature reflects the fact that the conduction in BSBN is through grain boundary. The value of stretched exponential parameter, β, showed a minimum at T c and, on the other hand, it gives higher values, revealing that the transverse mode (soft mode) is weakened and restoring force tends to become zero at ferroelectricparaelectric transition. The shift in M max indicates the presence of temperature relaxation process in the material. Near T c , in ferroelectric region the activation energies obtained from complex impedance, electric modulus studies and ac conductivity activation energy at 1 kHz are 0.61 eV, 0.60 eV and 0.63 eV, respectively, and are typical values for an ionic conduction in BSBN.
